US EPA has finalized federal Water Quality Criteria for nonylphenol, a biodegradation intermediate of nonylphenol ethoxylates, which are commonly used surfactants. To provide information in support of this initiative, an assessment was made of the ability of wastewater treatment plants to remove these and other alkylphenol ethoxylate (APEO) surfactants that are used widely in domestic and industrial applications. This paper, based on a monograph prepared for the Alkylphenols & Ethoxylates Research Council (Melcer et al, 2006), summarizes the results of this work and provides guidance on the factors influencing treatment plant operation and on optimum values of these factors to ensure high removals of APEOs. In general, for activated sludge systems, it was found that criteria such as high solids retention time (SRT) and hydraulic retention time (HRT) that apply to the degradation of many complex man-made compounds also apply to APEOs; that is, a minimum SRT of approximately 10 days and a minimum HRT of 8-10 hours were required to ensure high levels of ultimate APEO degradation.
INTRODUCTION

Regulatory Initiative
The US Environmental Protection Agency (US EPA) has recently finalized ambient aquatic life water quality criteria for nonylphenol (NP) (US EPA, 2005) . These criteria were developed under Section 304(a)(1) of the Clean Water Act and represent the concentration of NP in water at which aquatic life are protected from acute and chronic adverse effects. The US EPA has recommended an acute freshwater criterion of 28 µg/L and a chronic freshwater criterion of 6.6 µg/L for NP. For saltwater, the proposed acute and chronic criteria are 7.0 µg/L and 1.7 µg/L, respectively. It is anticipated that the implementation of ambient water quality criteria will trigger significant interest in wastewater treatment of NP and its ethoxylates by local, state, and federal regulatory agencies, as well as the numerous municipal and industrial wastewater treatment plants that must manage these compounds.
Identity and Nomenclature
Nonylphenol ethoxylates are part of a larger group of alkylphenol ethoxylates (APEs) that are produced by the reaction of an alkylphenol (AP) with ethylene oxide (EO) to produce AP molecules with a single chain of EO units (AP-O-(CH 2 -CH 2 -O) n -CH 2 -CH 2 -OH). The APEs are homologues, i.e., a series of similarly shaped molecules that differ from each other by the number of ethoxylate units that are repeatedly added to the base AP structure of the simplest member of the homologous series. The most commercially important APs are nonylphenol (NP) and octylphenol (OP). The APEs and APs of commercial interest that are the focus of this paper are NP, OP, and their ethoxylates. In the case of NP and OP, all of the commercial products have branched alkyl side chains. Linear AP isomers can be synthesized, but they do not occur in the manufactured products and are not commercially relevant. Therefore, the use of the terms NP and OP in this paper refers to branched NP and OP. Likewise, NPE and OPE refers to the branched alkyl-substituted materials. Commercially available APEs have ethoxylate or EO chain lengths ranging from 1 to 100 units. For example, NPE9 represents a mixture of oligomers with a normal distribution centering on the 9-mole ethoxylate homologue.
The acronyms used in this paper to describe the various APEs and APs are presented in Table 1 . 
Uses of Alkylphenols and their Ethoxylates
APEs have been important surfactants for more than 50 years. The most common APE in commercial use today is the group of nonylphenol ethoxylates (NPEs), comprising about 80 percent of the market, while octylphenol ethoxylates (OPEs) comprise most of the remaining 20 percent of the market. NPEs are used primarily for industrial applications including pulp and paper production, textile manufacturing, and use in the formulation of crop protection chemicals. They are also used in industrial, institutional, and householder cleaners and detergents. While NP is used primarily as a raw material in the manufacture of NPE, some is also used in the production of plastics, resins and stabilizers. In contrast, OP is produced in significantly lower volumes and is used primarily as a chemical intermediate in the production of phenolic resins (APERC, 2006) .
Lower APEs and APs released to water may also be subject to volatilization into air and subsequent degradation by photolytic processes. Henry's law constants (H c ) for organic compounds are proportional to the ratio of their vapor pressure and aqueous solubility. Based on their low vapor pressures (<0.001 Pa) and high water solubilities (>10,000 mg/L), partitioning of higher APE to air would be negligible (H c < 1E-4 Pa m 3 /mol). In contrast, APs are more volatile, with H c values in the range of 1 to 10 Pa m 3 /mol. APs lost from water to air would be subject to hydroxyl radical-mediated photodegradation with half-lives of five to six hours.
Environmental Fate of APs and APEs
Biodegradation is the dominant removal process for APEs and APs in water, sediment and soil. The biodegradation of APEs and APs has been extensively studied for the past 40 years in a variety of laboratory studies that have examined both primary and ultimate degradation. Stringent screening tests that measure the ready biodegradability of various APEs and APs, laboratory simulation tests of potential degradation in specific environmental compartments, and field verification studies show that APs and APEs are extensively biodegraded in surface waters, sediments, and soil. Collectively, the data from these tests indicate that APs, APEs, and their degradation intermediates are not expected to be persistent in the environment.
Overview of AP and APE Entry into the Environment
Spent solutions containing APEs are generally discharged into industrial pretreatment facilities, industrial or municipal wastewater treatment plants, or household septic systems. APEs are also applied to crops and soils due to their use in formulating crop protection chemicals. Treated effluents from wastewater treatment plants contain residues of the biologically-mediated breakdown of the spent APEs. During treatment, some residues become adsorbed on to wastewater solids, while others become a component of the effluent and are discharged into the receiving water. Substances adsorbed to the wastewater solids are primarily the APs and lower mole ethoxylates (APE1, APE2), which is consistent with their greater hydrophobicity and tendency for adsorption, as compared to the more hydrophilic, higher mole APEs and ether carboxylates (APECs) that are found in the water column.
The bulk of APs and APEs associated with wastewater solids are physically removed from wastewater treatment plants as dewatered biosolids?, which may be disposed of via incineration, disposal into landfills, or application to soil as a nutritional supplement. The latter disposal method is increasing in use, while the former two are decreasing.
Lastly, APEs and their degradation by-products may enter the terrestrial environment directly via discharges from household septic systems.
Project Objectives
The objectives of this work were to review the state of the science concerning wastewater treatment of alkylphenols and their ethoxylates, and to the extent feasible, provide guidance on strategies for optimizing and sustaining the performance of wastewater treatment plants. This paper is based on a monograph prepared for the Alkylphenols & Ethoxylates Research Council (Melcer et al, 2006) .
The aquatic toxicology of APEs was beyond the scope of this work; it has been addressed by several recent reviews (Servos, 1999; Staples et al., 2004) . Also this work did not address APE levels in receiving waters; this topic has received extensive research over the past 15 years, which has been reviewed by Klecka et al. (2006) .
REMOVAL OF ALKYLPHENOLS AND THEIR ETHOXYLATES IN WASTEWATER TREATMENT INVESTIGATIONS
An extensive review of the literature was conducted to evaluate the performance of wastewater treatment systems to remove APs and APEs (Melcer et al., 2006) . Much research has been conducted on this topic in the laboratory and so the review was divided into two components, laboratory scale systems and full scale systems.
Laboratory Scale Wastewater Treatment Investigations
The removal of APEs in biological treatment systems has been extensively studied over the past 40 years. Many of the early studies employed higher chemical concentrations than typically seen in municipal treatment plants, and non-specific methods of analysis, including respirometry and colorimetric techniques. It is possible only to obtain general trend information from such studies. Recent advances in analytical methods and the use of radioactively-labeled test chemicals has improved the understanding of APE biodegradability. The following are general conclusions derived from this analysis:
• In systems designed to simulate activated sludge treatment, APE biodegradation proceeds with the sequential shortening of the ethoxylate chain until one or two ethylene oxide subunits remain. These may be subject to further oxidization to the corresponding alkylphenol ether carboxylates (APECs), which are frequently detected in treated effluents.
• Removal efficiencies for laboratory scale semi-continuous or batch activated sludge and continuous flow activated sludge systems are commonly above 90 percent.
• Residues of APE metabolism in secondary effluents have been shown to be partially halogenated during chlorine disinfection, and the resulting products appear to be more resistant to biodegradation.
• Temperature has an effect on APE biodegradation. At low temperatures (e.g., 15°C and below), APE removal efficiencies fluctuate widely.
• Higher doses of APEs (80-100 mg/L) have been shown to lead to floc destabilization and sludge bulking. However, these concentrations are orders of magnitude higher than encountered in full-scale municipal wastewater treatment plants so that it is unlikely that these effects will occur in such treatment plants.
• Some researchers have reported that APs are the terminal product formed during the anaerobic digestion of APE residues adsorbed to waste activated sludge. However, more recent work has suggested that NP can be further degraded under anaerobic conditions.
• A variety of physical-chemical treatment technologies have been examined for the removal of APEs. Advanced oxidation technologies including ozone and ozone/hydrogen peroxide appear promising for enhancing the biological treatability of APEs, although an economic analysis would be necessary to determine their utility as a pre-treatment strategy. Membrane bioreactors have also been shown to effectively remove APEs from wastewater and landfill leachate.
Full-Scale Wastewater Treatment Systems
In the sewer collection system and treatment plant environments, the breakdown of higher mole ethoxylate APEs can result in the formation of lower mole ethoxylates and ether carboxylates, such that the concentration of the simpler APEs may appear to increase or remain the same in a treated effluent. Of the full scale studies reviewed, only a few have employed analytical methods that allow quantitation of removal efficiencies based on the full range of APEs and metabolites expected in the influent and effluent of municipal treatment plants. Most other studies have focused on the removal of NP and the low mole ethoxylates because of ecotoxicological considerations. Of the data available, the results suggest that APEs can be extensively removed in well-operated municipal plants with primary and secondary treatment; average removal efficiencies of greater than 90 percent can be achieved, with residuals at very low (µg/L) levels in treated plant effluents. When expressed in terms of removal of total APEs and their metabolites, the average removal efficiencies range from 50 to 90 percent. The available data from laboratory and field studies suggest that APEs are removed by a combination of biodegradation and adsorption to biosolids; the latter are often applied to land where further biodegradation of adsorbed APEs and APs occurs. APE residuals, primarily low mole ether carboxylates, leaving the municipal treatment plant in the effluent are expected to be further degraded in the receiving stream. Many of the investigations reviewed evaluated different aspects of plant operation to determine the optimum conditions for achieving high removals of the APEs, focusing on the major controllable parameters affecting the operation of biological treatment facilities. Solids Retention Time. Of the above parameters, the most important is the SRT for which a value of approximately 10 days or greater appeared to be appropriate to ensure high removals of APEs.
One of the most comprehensive studies supporting this conclusion is that of Johnson et al. (2005) who studied the fate of NP, one of the breakdown products of NPEs. NP effluent concentrations were measured at 14 municipal wastewater treatment plants in eight European countries. Figure  2 reproduces their data. 
SRT (day) NP Concentration (ug/L)
NP is a suitable surrogate for examining the influence of operating conditions on the removal of APEs given that rapid primary degradation of the ethoxylate chain is known to occur. All of the plants examined utilized activated sludge systems modified to incorporate biological nutrient removal (BNR). Unfortunately, no influent data were presented so the true effect of SRT could not be evaluated with respect to specific NP loading, nor was it possible to estimate NP removal efficiencies. Johnson et al. (2005) examined the data for evidence of correlations between NP effluent concentration and HRT and SRT but could not find any statistically significant correlation at the 10 percent level. This is probably because the comparison is being made between plants that are all employing state-of-the-art treatment technology and the effluent NP concentrations were all very low (<2 µg/L). A more revealing assessment would be made on the removal efficiencies calculated for each facility relative to the HRT and SRT values, but the appropriate data for such evaluation were lacking. In any event, the effluent NP concentrations are consistently low, despite the limited data collected, and the differences in influent characteristics and plant operating conditions. For example, effluent temperatures at the various facilities ranged from 12ºC to 24.5ºC (average = 17.5ºC). However, the overall trend is clear; effluent NP concentrations declined with increasing SRT. Figure 2 are data from a US study (Drewes et al., 2004) on secondary effluent NP concentrations at seven activated sludge plants in five different states and from two pilotscale MBRs (Drewes et al., 2004) . All plants incorporated BNR to varying degrees. The plants spanned a wide range of operating conditions, with SRTs ranging from 1.7 to 21 days, and HRTs from 1.2 to 13.7 hours. These plants, too, displayed a general trend of declining NP residuals with increasing SRT.
Superimposed on
The effluent NP concentration data in Figure 2 ranged mainly from 0.1 to 2.3 μg/L. They all met the proposed NP acute and chronic freshwater criteria of 28 µg/L and 6.6 µg/L, respectively. For saltwater discharges, only some of the data would have met the proposed acute and chronic criteria of 7.0 µg/L and 1.7 µg/L, respectively. Although the raw data were not available in the published references to conduct a statistical analysis, given the very low concentrations observed, it could be postulated that there was no statistical difference between these data. Nevertheless, municipal treatment plants will need to achieve very low levels of effluent APE concentrations. The inference that can be drawn from the trend suggested by the data in Figure 2 is that operating at relatively high SRTs will reduce effluent APE concentrations to the 1.0 μg/L level and safely achieve all proposed effluent criteria.
The current nationwide trend to implementing biological nutrient removal (BNR) technology at municipal treatment plants would meet this need given that BNR plants operate at SRTs that are typically eight days or greater.
A study by Austrian researchers into the removal of pharmaceutical and endocrine disrupting compounds by activated sludge plants lends support to the above observations. The authors investigated the effect of SRT on removal efficiencies in four bench scale reactors (with SRTs ranging from 1 through 26 days), in a pilot MBR (SRT ranging from 22 to 82 days), and at four full scale STPs (BNR modified activated sludge systems) with SRTs ranging from 2 to >100 days (Kreuzinger et al., 2004; Clara et al., 2005) . Their data are reproduced in Figure 3 , which shows the effect of SRT on the removal of total NP compounds where this represented the molar sum of NP, NPE1-3, and NPEC1-3.
Direct comparison of their findings with those of Johnson et al. (2005) and Drewes et al. (2005) is complicated by the authors' inclusion of NPECn compounds in calculating the total NP removal efficiency. Nevertheless, the trend is clear; increasing SRT results in higher total NP removal. Because this study did not report raw data for the influent or effluent concentrations, it was not possible to assess the effect of SRT with respect to specific NP or NPE loadings. Hydraulic Retention Time. There were limited data available from which to evaluate the optimum HRT for removal of APEs. While it was demonstrated above that plant SRT is the major design variable that controls the removal of APEs, it would not be unreasonable to assume that the HRT associated with the BNR plants also contributes to the overall efficiency of APE removal. Most BNR plants operate with HRTs of at least 8-10 hr as do many municipal biological treatment plants. Therefore, eight hours would seem to be a reasonable estimate for a minimum HRT required to achieve high APE removals as long as it is associated with a corresponding high SRT.
Flow and Loadings.
During periods of storm-induced high flow conditions, step feed operation conserves the biomass inventory of biomass in the activated sludge process and prevents hydraulic washout of the biomass. This operating mode conserves the microorganisms that are responsible for the degradation of APEs and its metabolites, and prevents the discharge of high concentrations of suspended solids that may contain adsorbed APEs or its metabolites.
Temperature. As with most micropollutants, temperature was identified as an important factor affecting the treatment of APEs. Many studies showed that APE degradation declined at low temperatures (<12 0 C). Although not demonstrated in any studies reviewed, a typical approach for retaining specific microorganisms that degrade complex organics in industrial wastewater treatment plants is to elevate SRT during low temperature operation.
Dissolved Oxygen Concentration. The literature suggests that dissolved oxygen concentrations in the range of 1 mg/L may be rate limiting for the microbial degradation of many aromatic compounds such as the APEs, which are degraded by oxygenases and oxidases that have a requirement for molecular oxygen as a co-substrate for biodegradation. Typically, activated sludge treatment plants are designed to operate with a residual dissolved oxygen concentration of 2 mg/L (3 mg/L for nitrifying systems). Therefore, the degradation of APEs should not be impaired under at these dissolved oxygen concentration levels. Sensor-based control of the dissolved oxygen concentration is typically used to ensure that this operating environment is maintained during diurnally and seasonally induced changes in flow and loading. Cyclic on-off aeration or alternating aerobic/anaerobic regimes should not impair removal of the APEs, however, as such operation is typical of the biological nutrient removal processes, described by Johnson et al. (2005) , Drewes et al. (2004) , Kreuzinger et al. (2004) and Clara et al. (2005) , which produce effluents with low APE concentrations.
Nutrients. Influent ammonia and phosphorus levels at municipal treatment plants are in excess of the nutrient levels that would be required to support the metabolism of APEs at the low levels typically seen in influent sewage so that nutrient supplementation of influent sewage is not required to achieve the degradation of APs and APEs.
pH. Influent sewage is usually well buffered so that the pH does not digress from the recommended operating pH levels of 6.5 to 8.5.
Foaming. APE surfactants occur at such low levels in influents to municipal treatment plants that they have not been shown to induce foaming in aeration tanks at these plants. Table 3 summarizes recommended values for important activated sludge design and operating parameters for the optimum removal of APEs.
RECOMMENDATIONS
